Abstract Reference evapotranspiration (ET 0 ) is an important parameter of agricultural activity and hydrometeorological studies. In this study, we used the Food and Agriculture Organization Penman-Monteith equation to evaluate ET 0 , and to investigate the change point of ET 0 in the Loess Plateau region from 1960 to 2013. The results showed that a change point was detected at approximately the year 1990 for annual ET 0 series from 108 meteorological stations using Cramer's statistical test. The annual ET 0 decreased significantly (p \ 0.05) by -1.22 mm year -1 from 1960 to 1990, especially during the summer months, which contributed the most to the total annual reduction, while it increased significantly (p \ 0.001) by 1.15 mm year -1 from 1991 to 2013, with the spring months contributing the most. The ET 0 and its trend in the five integrated management divisions of the Loess Plateau have significant spatial heterogeneity. The highest and lowest ET 0 were found in the third and fifth divisions from 1960 to 2013. The ET 0 decreased significantly in the first division and increased in the fourth divisions (1960-1990 and 1991-2013, respectively). Using differential equations to quantitatively evaluate the contribution of various factors, the wind speed was mostly responsible for the variability in the ET 0 trend from 1960 to 1990, followed by solar radiation and vapor pressure. The positive effect of air temperature on ET 0 trend was offset by the other three factors, and the combined effects of the four climatic variables led to the decrease in the ET 0 trend. However, the rapidly increasing air temperature became the predominant factor in the change in the ET 0 trend after 1990. A spatiotemporal variation of predominant contribution to the ET 0 trend was identified. The temperature dominant region changed from the third to the first division for 1960-1990 and 1991-2013. Radiation did not change. Vapor pressure changed from the first to the fourth and the wind speed changed from the forth to the third. This study could contribute to a better understanding of the response of the spatial and temporal variation of ET 0 to increased climate change. Additionally, this research also provides scientific support to regional planning and management.
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Introduction
Land evapotranspiration (ET) is the nexus of energy and water balance, and can deeply affect the energy redistribution and hydrological cycle (Jung et al. 2010) . Because the actual evapotranspiration is difficult to directly estimate, potential evaporation or reference evapotranspiration is generally used. Reference evapotranspiration (ET 0 ) is a representation of the environmental demand for evapotranspiration of a particular surface with a ''reference crop'' (assumed to be of uniform height, with a complete and green plant cover) and soil conditions with sufficient available water (Allen et al. 1998; Srivastava et al. 2015a ), ET 0 is not only a key component in climatological and hydrological studies, but also irrigation planning and management (Sentelhas et al. 2010; Srivastava et al. 2014) . Therefore, reliable estimates of ET 0 and its response to the changing climate conditions have become increasingly important Xu et al. 2006) , especially against the background of global warming since the mid-1970s (IPCC 2013 . The Penman-Monteith methods recommended by the Food and Agriculture Organization (FAO) are the universal standard for estimation ET 0 (Allen et al. 1998; Srivastava et al. 2015b ). The Penman-Monteith ET 0 equation depends on four climate factors, including temperature (T a ), solar radiation (R s ), vapor pressure (VP) and wind speed (U). Global warming and the variation of these climate factors were expected to cause an increase in ET 0 (Vautard et al. 2010 ), but observed pan-evaporation and reference evapotranspiration were both reported to have decreased in many regions of the world (Brutsaert and Parlange 1998; Jhajharia et al. 2012; Liu et al. 2011a; Farquhar 2002, 2005) , a phenomenon known as the ''evaporation paradox'' (Brutsaert and Parlange 1998) .
The climate factors T a , R s , VP and U2 were employed to explain the decrease trend in pan-evaporation and/or ET 0 . Until now, the major interpretation of this phenomenon was the decrease in wind speed in regions, such as the Northern Hemisphere (Vautard et al. 2010) , Canada (Wan et al. 2010) , German (Bormann 2011) , Australia (Roderick et al. 2007) , the Hai River (Tang et al. 2011) ,the Yellow River (Liu et al. 2010b) , the Tibetan Plateau (Liu et al. 2011b) , arid/semi-arid/semi-humid regions of China ) and the whole of China (Liu et al. 2010a (Liu et al. , 2011a . Solar radiation (Wang et al. 2007; Xu et al. 2006; Zhang et al. 2013) , vapor pressure and temperature (Golubev et al. 2001; Tabari et al. 2011 ) have also been used to explain the decrease in ET 0 . However, due to regional complexity, the climatic factors on a regional scale showed discrepancies with global climate change, which could explain the difference in the regional ET 0 trend and the predominant climate factors. Some studies have documented that recently, various increasing trends in ET 0 associated with the variation of climate factors in many regions with widely different climates were evident. In Greece, a changing point in the ET 0 trend was found to occur approximately during the 1980s. ET 0 showed a declining trend before the early 1980s, associated with a downward trend in annual precipitation and the number of rainy days, and then increased significantly due to the strengthening of solar radiation (Papaioannou et al. 2011 ). The change point was also detected in approximately 1993 in the Wei River basin of China, when an abrupt change in the air temperature and the relative humidity were also detected (Zuo et al. 2012 ). In the arid region of China, the ET 0 trend changed from negative during 1960-1993 to positive during 1993-2010, due to a decrease in wind speed before 1993 and an increase in temperature and wind speed after 1993 . In the Poyang Lake Basin of China, a decrease in temperature during 1959-1973 and a decrease in wind speed and solar radiation during 1974-1995 was mostly responsible for the pan-evaporation decrease; subsequently, significant increases in wind speed and air temperature were mostly responsible for an increase in pan-evaporation from 1996 to 2012 (Zhang et al. 2014 ). The entire trend in ET 0 in China was analyzed from 1960 to 2007, indicating that a significant decrease in wind speed and solar radiation offset the effect of increasing temperature and led to a decrease in ET 0 before 1992; therefore, a serious increase in was mostly responsible for an increase in ET 0 from 1992 to 2007 (Liu et al. 2011a) .The detection of the changing point and quantitative analysis of the contribution of major climate factors to ET 0 was significant for a deep understanding of ET 0 , as well as of the hydrological process and the response to global and regional climate change.
The Loess Plateau, located in the transition zone between the semi-arid and semi-humid regions of China, is sensitive to climate change (Jinbai et al. 2014; Wang et al. 2012 ) and vulnerable to human activity (Zhang et al. 2007a) . Evapotranspiration, which mostly controlled the water balance, had a great influence on hydrological processes and changed significantly in response to the changing conditions (Huang et al. 2003; Li et al. 2014a; Liu et al. 2012b Zhang et al. 2008a) . A change in ET 0 would have a significant impact on the variability in evapotranspiration. Consequently, understanding the variation of ET 0 is a vital component of hydrological studies in Loess Plateau. Several studies have documented the ET 0 at the Loess Plateau (Li et al. 2012; Zhao et al. 2014) . However, few studies have analyzed the spatiotemporal variation in the trend ET 0 and its contribution to climatic factors in the Loess Plateau, especially in the various integrated management regions. Quantifying and analyzing the magnitude and spatial pattern of ET 0 trends and its reasons for these trends not only enhances our understanding of regional responses to climate change, but is also essential for formulating water resource management and irrigation strategies.
We focused on the spatiotemporal variation of ET 0 in the Loess Plateau in this study. Our objectives were (1) to detect the changing point of ET 0 from 1960 to 2013, (2) to investigate the spatial and temporal variation of ET 0 and its trend, as affected by solar radiation, wind speed, vapor pressure and temperature, (3) and to explore the contribution of these climatic factors to ET 0 trend in the various integrated management regions of the Loess Plateau.
Study area and data

Study area
The Loess Plateau (33°43
is located in the middle reaches of the Yellow River basin in China (Fig. 1) , which covers about 6.2 9 10 5 km 2 and accounts for approximately 6.7 % of the total land area of China. Most of the Loess Plateau belongs to semi-humid and semi-arid climate with average annual precipitation ranging from 200 mm in the northwest to nearly 750 mm in the southeast. The rainy season, from June to September, accounts for approximately 65 % of the total precipitation, most of which is in the form of frequent high intensity storms. The northwestern Loess Plateau is sandy, while a series of complex geomorphic landform in the southeast, such as plateau, ridges, mounds and gullies, dominate the area, which is characterized by loess-paleosol soil with an average depth in excess of 100 mm. Silt clay-loam texture are common with sandy texture in the northwest and more clay in the southeast (Wu and Yang 1998). Vegetation cover is distributed with forest, forest-steppe, typicalsteppe and desert-steppe zones from southeast to northwest, and the land use is predominantly cultivated croplands and improved grassland. Based on the integrated management division system, the Loess Plateau was divided into five integrated management divisions: (1) the southeast river valley and rocky mountain division, (2) the key soil and water conservation division, (3) the northwest windy and sandy division, (4) the central Gansu hilly and mountainous division, (5) and the east Qinghai division [Integrated Survey Team of Chinese Academy of Sciences (CAS) of the Loess Plateau 1992; Li et al. 2010; Wang et al. 2011] .
Meteorological data
Daily meteorological records from 108 national meteorological stations from 1960 to 2013 from the National Climatic Center of China Meteorological Administrator were used in this study (Fig. 1) . Crop reference evapotranspiration was calculated based on the mean values of the daily maximum, minimum and air temperature (T max , T min and T a ) at 2 m height, wind speed measured at 10 m height, vapor pressure (VP) at 2 m height and sunshine duration (Allen et al. 1998) . The observed sunshine duration in a day was defined as the number of hours in which the direct solar irradiance exceeded 120 W m -2 (WMO 1996). Wind speed was adjusted to 2 m height (U2) using wind profile relationship (Allen et al. 1998) . Cramer's test has shown good performance in detecting the stability of a record by comparing the overall mean of the entire record and the means of certain parts of the record (TÜ RkeS 1996). The Cramer's test statistic t k is calculated as:
x i ð2Þ x and s are the mean and standard deviation, respectively, for the entire period of N years, and
x is the mean of the sub-period of the nth year to be compared with x. The test statistic t k assumes Student's t distribution with (N-2) degrees of freedom. The null hypothesis is that no significant difference exists between the mean of the sub-period and that the mean of the entire period and is rejected in a two-tailed test for large values of t k j j. The rank-based non-parametric Mann-Kendall statistical test (Kendall 1948; Liu and Zhang 2013 ) is commonly used for trend detected due to its robustness for non-normally distributed data, which are frequently encountered in hydro-climatic time-series (Liu et al. 2011a (Liu et al. , 2012a Zhang et al. 2013; Zheng et al. 2009 ). Assuming a normal distribution at the significant level of p = 0.05, a positive Mann-Kendal statistic Z larger than 1.96 indicates an significant increasing trend, while a negative Z lower than -1.96 indicates a significant decreasing trend. Critical Z values of ±1.64, ±2.58 and ±3.29 were used for the probabilities of p = 0.1, 0.01 and 0.001, respectively.
Climate factors difference between 1960-1990 and 1991-2013 were analyzed using the one-way analysis of variance (ANOVA), least significant difference (LSD) test and the F test (p \ 0.05) in SPSS 19.0 (Dai et al. 2013 ).
Calculation of ET 0
The FAO Penman-Monteith ET 0 model can calculate the theoretical values because the model does not consider actual surface soil type and water availability. The model provides a standard with which to compare the evapotranspiration capability under various climatic conditions, and it has been successfully applied at scales from a single basin to all of China Gao et al. 2006; Heydari et al. 2014; Meng and Mo 2012; Zhang et al. 2007b; Zheng et al. 2009 ).The Penman-Monteith ET 0 (Allen et al. 1998 ) is calculated at daily scale according the following equation:
where R n is the net radiation at the canopy surface (MJ m -2 day -1 ), G is the soil heat flux density (MJ m -2 day -1 ) calculated by the difference of mean daily air temperature between two continuous days, T a is the mean daily air temperature at 2 m height (°C), U2 is the wind speed at 2 m height (m s -1 ), VPD is the vapor pressure deficit (kPa) (the difference between saturated and actual vapor pressure), D is the slope of saturated vapor pressure in relation to air temperature (kPa°C -1 ), and c is the psychrometric constant (kPa°C -1 ). R n is a function of solar radiation, which can be estimated by the difference between the net shortwave radiation (R ns ) and the net longwave radiation (R nl ). R s can be estimated as:
where n is the actual duration of sunshine (h), N is the maximum possible duration of sunshine or daylight hours (h) (n/N is the relative sunshine duration), and R a is the extraterrestrial radiation intensity (MJ m -2 day -1 ). The coefficients a s and b s were estimated by an optimized method for solar radiation (Liu et al. 2012a; Zeng et al. 2008) , which can improve the precision of the ET 0 estimation.
Attribution analysis of change in ET 0
For a function y = f(x 1 , x 2 ,…), the variation of the dependent variable y can be expressed by the differential equation as:
where x i is the ith independent variable and f i 0 = qf/qx i . Moreover, as y varies with time t, we can rewrite Eq. (5) as
Therefore, according to the Penman-Monteith formula and Eq. (6), the contribution of the change in a climate variable to the ET 0 trend can be approximately estimated as:
or simplified as:
where Cr_T a , Cr_R s , Cr_VP, Cr_U are the individual contributions to the long-term trend in ET 0 due to a change in R s , T a , U and VP, respectively. C(ET 0 ) is the sum of the contribution of changes in R s , T a , U and VP to the trend in ET 0 . e is the error between C(ET 0 ) and ET 0 trend detected by linear regression L(ET 0 ). The differential equation method had been typically used to conduct an attribution analysis of the change in ET 0 (Liu et al. 2011a, b; Liu and Zhang 2013; Roderick et al. 2007; Zhang et al. 2013; Zheng et al. 2009 ).
Data spatialization
Many algorithms are available to spatially interpolate data, and a few of these have been primarily used to interpolate meteorological and climatic data sets (McVicar et al. 2007) . In this study, Kriging (Xu et al. 2006) , Spline (New et al. 2000) and inverse distance weighted (IDW) (Lu and Wong 2008) , which were regarded as the most popular methods to interpolate data, were tested for interpolation of the annual ET 0 ,. To determine which interpolation method gave the best performance, cross validation (Lloyd 2005) was chosen to test the performance of the three methods using the monthly ET 0 value of 108 stations in the Loess Plateau. The steps were as follows: 20 stations were randomly selected and removed, and then their values were interpolated using the values of the remaining 88 stations by each of three methods. Finally, the absolute error (ABS), relative error (REE), R 2 coefficient and root mean square (RMS, Eq. 9) between the estimated and original ET 0 values were calculated. The test results are listed in Table 1 . The best results were obtained from the IDW method according to the cross-validation tests, which had also been used successfully for interpolating ET 0 and climate variables by other researchers (Liu et al. 2012a; Qian et al. 2006; Zhang et al. 2013) , so the IDW method was selected for interpolating annual ET 0 and climatic variables at 108 stations to 5 km resolution grid across the entire Loess Plateau.
Results
Variation of ET 0
Temporal variation of ET 0
To obtain the temporal variation of ET 0 , the meteorological data from the Loess Plateau during 1960-2013 were analyzed, and the long-term variation of annual ET 0 is plotted in Fig. 2a . The changing point of the annual ET 0 series was detected at approximately 1990 by Cramer's test (Fig. 2b) (Liu et al. 2012a ) which indicated, to some extent, that the ''pan evaporation paradox'' may disappear in the Loess Plateau (Liu et al. 2011a (Liu et al. , 2012a Liu and Zhang 2013) .
The variation of ET 0 and its trends has obvious seasonal characteristics. Averaged over the period of 1960-2013, in summer, the ET 0 comprises approximately 40 % of the annual reference evapotranspiration (approximately 358 mm), followed by spring (approximately 280 mm, which is approximately 30 % of the annual value), and the lowest value of 92.27 mm was found for winter (Table 3) . A comparison of the two periods before and after 1990 indicated that the ET 0 in spring showed a distinct temporal difference, which was lowest in the summertime. The seasonal trend of ET 0 also showed significant differences between 1960 -1990 and 1991 . Before 1990 seasons except autumn showed a decreasing trend. The largest statistically significant (p \ 0.01) ET 0 decreasing trend (-0.86 mm year -2 ) was found in summer, followed by non-significant trends (p [ 0.05) in spring and winter. In contrast, all of the seasonal trends of ET 0 were positive except during autumn. Spring showed the greatest significant (p \ 0.05) increase, followed by summer and winter. Overall we can conclude that the ET 0 in summer was much greater than during the other seasons and had the least variation in the three periods. In addition, for the four seasons, summer showed the greatest decreases in ET 0 during , while later, the increasing trend of ET 0 in spring played a more important role than that during the other seasons in determining the overall trend of the ET 0 . 
Spatial variation of ET 0
The spatial distribution of ET 0 and its trends is shown in Fig. 3 . The spatial distribution pattern of ET 0 was similar during three periods but without significant differences. A higher ET 0 was found for the northwest Loess Plateau, while lower values were evident in the southwest and northeast areas (A1-A3). In the five integrated management divisions, the third division had the largest ET 0 of approximately 993 mm year -1 , while the smallest value of approximately 821 mm year -1 was found in the fifth division and no significant differences were seen in the three periods (Table 4) . However, the ET 0 in the first, second and forth divisions differed substantially before and after 1990, increasing by 6.8, 16.8 and 21.6 mm for the three periods, respectively.
There was significant spatial heterogeneity in the ET 0 trend between 1960-1990 and 1991-2013 (Fig. 3B1-B3 ). All regions showed a decreasing trend during 1960 to 1990, while an increasing trend was evident after 1990, except for the third division. Figure 3B1 shows that most of the Loess Plateau had a decreasing trend from 1960 to 1990, especially significant during the first division (-2.95 mm year -2 ) and located in the plain area affected mostly by human activity, while the third division had the least decreasing trend (-0.24 mm year -2 ), located in the northwest Loess Plateau. From 1991 to 2013, the spatial distribution pattern was reversed; most of the area had an increasing trends expect for the northwest region (i.e., the third division, with value -1.96 mm year -2 ). The second and forth divisions showed significant increases (1.02 and 3.54 mm year -2 , respectively), followed by the first and fifth divisions (both 0.9 mm year -2 ).
Attribution analyses of change in ET 0
Climatic factor contribution to ET 0 trends
The principal weather parameters affecting ET 0 are air temperature, radiation, vapor pressure and wind speed (Allen et al. 1998 ). The differential Eq. (5) provides an effective method to quantitatively estimate the contribution of climatic factor changes to the long-term ET 0 trend. Comparing the calculated (Fig. 4a ) and the detected ET 0 trends (Fig. 4b ) by linear regression from 1991 to 2013 using the 108 stations, the square of correlation coefficient was as high as 0.99, which indicates that the differential equation method has excellent performance for the detection of contribution to the trends in the Loess Plateau. During 1960 During -1990 During and 1991 During -2013 , the absolute error between Cr_ET 0 and LR_ET 0 was 0.11 and 0.06 mm year -2 , with a relative error of -9.42 and 5.34 %, respectively (Table 5 ). This satisfactory agreement between Cr_ET 0 and LR_ET 0 suggested that it was a reasonable method for the estimation of the contributions of the individual climatic factors to the long-term trends in ET 0 using Eq. (5).
During , an increasing T a led to an increase in ET 0 of 0.06 mm year -2 , while changes in radiation, vapor pressure and wind speed led to a decrease in ET 0 of -0.3, -0.03 and -0.84 mm year -2 , respectively ( Table 5 ). The combined effects of the four climatic factors resulted in an ET 0 decrease of 1.11 mm year -2 . It is obvious that the wind speed was the predominant factor for the decrease in ET 0 , followed by solar radiation and vapor pressure. Although the temperature showed an increasing effect on ET 0 , this effect was offset by changes in solar radiation, vapor pressure and wind speed. During 1991-2013, an increase in temperature and vapor pressure led to an increase in ET 0 of 19.4 and 0.42 mm year -2 , respectively, and changes in solar radiation and wind speed led to decrease in ET 0 of -0.33 and -0.95 mm year -2 , respectively. The combined effects of the four climatic variables resulted in an increase in ET 0 of 1.09 mm year -2 . It was clear that the decreasing wind speed and solar radiation could not offset the effect of the increasing T a and vapor pressure; consequently, ET 0 has shown an increasing trend since 1990. As mentioned above, we can conclude that significant changes in wind speed was the most important factor affecting the decrease in ET 0 before 1990; afterwards, temperature became the most important factor.
Spatial pattern of climate factors contribution to ET 0 trend Figure 5 shows the spatial pattern of the contribution of climatic factors to ET 0 trends during 1960-2013 for the five divisions in the Loess Plateau. A distinct spatiotemporal variation in the contributions during the two successive periods (1960-1990 vs. 1991-2013) in the five divisions was evident. Temperature contributed most greatly to the ET 0 trend of 0.57 mm year -2 from 1960 to 1990 in the third division, located in the northwest parts of Loess Plateau, followed by the second and fifth divisions with values of 0.13 and 0.11 mm year -2 , respectively ( Fig. 5A1 ; Table 6 ). These three divisions all led to an increase in ET 0 , while the first and fourth contributed negatively, leading to an decrease in ET 0 of -0.22 and -0.12 mm year -2 ; the combined effect of the five divisions resulted in a slight increase in ET 0 . In contrast, the T a contribution to the average ET 0 trend from 1991 to 2013 was positive in all the five divisions, varying from 1.36 in the fifth division to 2.91 mm year -2 in the first division ( Fig. 5A2; Table 6 ). It is clear that all of the divisions had led to significant increases in ET 0 , especially the first division. A negative contribution from solar radiation to the ET 0 trend was observed in all five divisions and during both periods. The predominant regional contribution was in the first division (-0.66 mm year -2 ) from 1960 to 1990, followed by the second and fifth division (-0.33 and -0.23 mm year -2 , respectively) ( Fig. 5B1 ; Table 6 ). After 1990, the predominant regional contribution was still found in the first division (-0.70 mm year -2 ), and the effect was even stronger than in the former period. The least regional contribution was found in the fifth division, leading only to a decrease in ET 0 of -0.06 mm year -2 ( Fig. 5B2 ; Table 6 ). The negative contribution of vapor pressure in the first and forth division to the ET 0 trend had values of -1.04 and -0.17 mm year -2 , respectively ( Fig. 5C1; Table 6 ), while the other regions showed positive effects from 1960 to 1990. The combined effect in the five divisions contributed to a slight decrease in ET 0 . From 1991 to 2013, the contribution was greatest in the third region (0.58 mm year -2 ). Furthermore, except for the The bold value in bracket indicates change significantly (p \ 0.01) Fig. 4 Comparison between the calculated ET 0 trend C(ET 0 ) and the detected ET 0 trend L(ET 0 ) by linear regression for period 1960-1990 (a) and 1991-2013 (b) second division (-0.2 mm year -2 ), the other regions all showed an increase in ET 0 ( Fig. 5C2; Table 6 ). Wind speed contributed from -1.23 ( Fig. 5D1; Table 6 ) to -3.8 mm year -2 ( Fig. 5D2 ; Table 6 ) to the ET 0 trend the in the third division during both periods. However, the forth division's contribution to ET 0 trend changed from negative to positive (-1.54 and 1.30 mm year -2 , respectively) and from the dominant to a non-dominant region.
In summary, for the dominant regional contributions, temperature changed from the third to the first division, radiation did not change, vapor pressure changed from the first to the fourth and the wind speed changed from the fourth to the third.
Discussion Evaporation paradox
The ''evaporation paradox'' attracted the attention of many researchers since it was put forward (Brutsaert and Parlange 1998; Peterson et al. 1995; 2002). However, some researchers reported that an increasing trend in ET 0 recently appeared in China (Cong et al. 2010) and Australia (Gifford et al. 2005) . _ENREF_20_ENREF_17ET 0 showed an increasing trend since 1992 in China from 1960 to 2007 (Liu et al. 2011a ). In addition, ET 0 also showed an increasing trend in the Songhua River basin (3.775 mm/decade) and the Yellow River basin (1.092 mm/decade) from 1960 to 2007, which meant that the evaporation paradox disappeared. However, other researchers (Liu and Zeng 2004) argued that there was a decreasing trend in pan evaporation from 1961 to 2000 over the Yellow River basin. Our study indicated the ET 0 increased at 2.8 mm/decade (Table 2) in the Loess Plateau (also in the middle Yellow River, Fig. 1 ). Consequently, we can conclude the ''evaporation paradox'' has currently disappeared in the Loess Plateau. The disappearance of the evaporation paradox may be due to climate change in the future ).
Climate factors trend
Changes in climatic factors have been documented in many studies over the past decade (Liu et al. 2012a; Liu and Zhang 2013; Zhao et al. 2014 ). The variation, statistical information and Pearson correlation (PC) of ET 0 of the four climatic factors for the three periods were also investigated ( Fig. 6 ; Tables 7, 8 ). The results showed that all the climatic factors had significant differences (p \ 0.01) between 1960-1990 and 1991-2013, which indicated that the factors changed abruptly at approximately 1990 and caused an abrupt change in ET 0 at the same time.
The increasing trend of temperature was slightly lower than the result of national research for the two sub-periods (0.009 vs. 0.011 and 0.032 vs. 0.050 mm year -2 ) , therefore the contributions were also lower than the national value (0.06 vs. 0.14 and 1.94 vs. 2.99). The temperature increased non-significantly (p [ 0.05) for the two sub-periods, while it increased significantly (p \ 0.001) at a rate of 0.0335°C year -1 ( Fig. 6a ; Table 7 ) during 1960-2013 and became the predominant factor in the ET 0 trend after 1990. In addition, the T a and ET 0 also did not show significant correlations during 1960 -1990 Table 8 ), while T a became significant after 1990 (p \ 0.01; PC = 0.62), indicating the T a had a greater impact on the ET 0 after 1990 than before.
Variations in solar radiation incident at earth's surface have profoundly affected the human and terrestrial environment. Various studies have documented that solar radiation at the surface has changed significantly on a decadal time scale (Gilgen et al. 2009; Krüger and Graßl 2002; You et al. 2010 ). In our study, radiation showed a significant decrease from 1960 to 1990 at a rate of -0.0091 MJ m -2 day -1 year -1 (p \ 0.01, Table 7) , and an increase from 1991 to 2002 of 0.012 MJ m -2 -day -1 year -1 , which was consistent with Wild et al. (2005) . Some researchers argued that the reversible phenomenon of radiation, also known as ''from dimming to brightening'', is explainable by cloudiness, atmospheric transmission and aerosol emissions (Krüger and Graßl 2002; Wild 2009; Wild et al. 2005) . However, radiation showed decreasing trend again from 2002 to 2013 of -0.0112 MJ m -2 day -1 year -1 , which caused the decrease trend of -0.0049 MJ m -2 day -1 year -1 from 1991 to 2013, and a similar result was also apparent over all of China ). Whether or not the radiation in China, or worldwide, reversed ''from brightening to dimming'' again requires further analysis of a longer series of observational data. Although variation in radiation was used to explain the change in ET 0 (Papaioannou et al. 2011; Wang et al. 2007 ) and had a significant correlation with ET 0 (Table 8) , the change in solar radiation was not the predominant factor controlling the changes in ET 0 in the Loess Plateau.
A change in wind speed could affect hydrological characteristics (Ishak et al. 2013 ) and the atmospheric evaporative demand calculation (McVicar et al. 2012) . The wind speed significantly decreased (p \ 0.01, Table 7 ) from 1960 to 1990 and highly influenced the decreasing ET 0 . In addition, the wind speed continued to decrease from 1991 to 2013, a phenomenon known as ''wind stilling'' (Roderick et al. 2007 ). The decrease in amplitude was low after 1990 (1960-1990 vs. 1991-2013: -0 .0083 vs.
-0.0078 m s -1 year -1 , respectively), which was similar to the results of national research (Guo et al. 2011 ) and different than those found for the northwest arid region of China after 2000 . In addition, although the correlation coefficient between wind and ET 0 was poor (PC = 0.26) for the period of 1960-2013 (p [ 0.05) , it was 0.64 (p \ 0.001; Table 8) for , which is consistent with our results that the wind speed and radiation dominate the decrease of ET 0 before 1990 (shown in Table 5 ). In 1991-2013, the correlation between wind speed and ET 0 was poor again, and it was not the dominant factor controlling the ET 0 trend. Reasons for the decrease in wind such as increasing land surface roughness (Vautard et al. 2010 ) and rapid urbanization (Guo et al. 2011 ) have been documented. The change in surface roughness could explain the wind decrease in the Loess Plateau because the Chinese government adopted a series of strategies to restore the ecosystem including the Natural Forest Conversation Program (Zhang et al. 2000) and Grain for Green Project (Bennett 2008; FAO 2010) . Therefore, the abandonment of agricultural land and large-scale afforestation caused a higher amount of vegetation cover and a rapid increase in the land surface roughness, finally resulting in a decrease in wind speed.
An explanation for the pan evaporation or ET 0 decrease is an increase in the evaporation from the environment surrounding the pan, i.e., the complementary relationship hypothesis (Brutsaert and Parlange 1998) . If this hypothesis was applicable to the Loess Plateau, the actual evapotranspiration would increase and cause an increase in the actual vapor pressure. However, the vapor pressure did not show a significant increasing trend from 1960 to 1990 (Table 7) , which indicated that the hypothesis was not applicable to that region. Although the vapor pressure dominant the pan evaporation trend in some regions (Cong et al. 2009 ), no significant trend was found in the two subperiods in the Loess Plateau, which effect could be neglected compared to others. Uncertainties and suggestions Uncertainties in the ET 0 trend and its contributing climatic factors exist in this analysis. First, even though cross validation was used to select the interpolation method of IDW to spatialize the variables, a spatial error was still present in our results (Tables 5, 6 ). Second, the various methods employed for detecting the changing point, such Cramer's ), Mann-Kendal and Pettitt test (Liu et al. 2011a) , might have caused a difference in the changing point. Although a slight change was present approximately in 1975 and 1985 (Fig. 2a) , Cramer's test did not detect the abrupt change, possibly due to the uncertainties of the method. Although we cannot precisely delineate a 'switch point' in the behavior, our analysis suggests that approximately 1990 was a transition time in which the ET 0 trend began to increase. In addition, the variables in Eq. (5) should be independent so each factor represents a discrete contribution. VP instead of the vapor pressure deficit was considered because the vapor pressure deficit is the difference between VPs and VP, where VPs is a function of air temperature. Despite the above uncertainties, this study confirmed the spatiotemporal variations in ET 0 and also indicated the dominant factors in the two time series as reported in many previous studies Liu et al. 2011b; Zhang et al. 2013) . Furthermore, we also recommend that more attention should be paid to actual evapotranspiration (ET a ) (Vetter et al. 2012) , especially in response to climate change and human activities. For example, we can acquire the spatiotemporal ET a for a particular region or basin with ET a products (Cai et al. 2014; Li et al. 2014b; Xue et al. 2013) , or construct better ET a model for our own study area with more precise forcing datasets (Minderlein and Menzel 2015; Yin et al. 2013; Zhang et al. 2008b) . Clearer knowledge of ET a will provide a better vehicle for a full understanding of reference evapotranspiration.
Conclusions
This study investigated the spatiotemporal variation of ET 0 , ET 0 trends and the contribution of four climatic factors to ET 0 trends across five different divisions of the Loess Plateau based on 108 national meteorological stations during 1960-2013. Because the Loess Plateau is characterized by complex zonal variations and a vulnerable ecosystem, this research provides valuable information about ET 0 and its contributions to climatic factors on a regional scale. A changing point in the ET 0 series was detected at approximately 1990 by Cramer's test. The ET 0 and its trends differed substantially between 1960-1990 and 1991-2013 were found in the third and fifth divisions, respectively. In addition, the greatest ET 0 decreasing and increasing trends for 1960-1990 and 1991-2013 were also found in the first and fourth divisions, respectively.
The contribution of each climate variable to the ET 0 trends was analyzed by the differential equation method. From 1960 to 1990, a decrease in U2 had a negative effect on ET 0 of -0.84 mm year -2 , followed by R s and VP, which offset the positive effect of T a . However, an increasing T a became the dominant factor controlling the variations in ET 0 from 1991 to 2013. The spatiotemporal variation of the predominant contribution region to the ET 0 trend was determined for the five divisions. The T a dominant region changed from the third to the first division for 1960-1990 and 1991-2013 , radiation did not change, vapor pressure changed from the first to the fourth and the wind speed changed from the fourth to the third.
